Abstract Quantitative trait locus (QTL) mapping techniques are frequently used to identify genomic regions associated with variation in phenotypes of interest. However, the F 2 intercross and congenic strain populations usually employed have limited genetic resolution resulting in relatively large confidence intervals that greatly inhibit functional confirmation of statistical results. Here we use the increased resolution of the combined F 9 and F 10 generations (n = 1455) of the LG,SM advanced intercross to fine-map previously identified QTL associated with the lengths of the humerus, ulna, femur, and tibia. We detected 81 QTL affecting long-bone lengths. Of these, 49 were previously identified in the combined F 2 -F 3 population of this intercross, while 32 represent novel contributors to trait variance. Pleiotropy analysis suggests that most QTL affect three to four long bones or serially homologous limb segments. We also identified 72 epistatic interactions involving 38 QTL and 88 novel regions. This analysis shows that using later generations of an advanced intercross greatly facilitates fine-mapping of confidence intervals, resolving three F 2 -F 3 QTL into multiple linked loci and narrowing confidence intervals of other loci, as well as allowing identification of additional QTL. Further characterization of the biological bases of these QTL will help provide a better understanding of the genetics of small variations in long-bone length.
Introduction
Endochondral ossification, the process through which many skeletal elements, including the long bones, grow, proceeds via known molecular pathways controlled by genes established using traditional Mendelian techniques involving mutations of large effect (Kronenberg 2003; Zelzer and Olsen 2003) . However, many of the alleles associated with long-bone-length variation in populations have small effect sizes (Kenney-Hunt et al. 2006; Norgard et al. 2008) and cannot be analyzed using such approaches. Long-bone length presents an ideal opportunity to use quantitative trait locus (QTL) mapping strategies to identify novel genomic elements and interactions involved in producing adult skeletal structures. After the establishment of the growth plate by embryonic day 17.5 (Kaufman and Bard 1999) , all longitudinal growth in murine long bones occurs via endochondral ossification, offering the prospect of identifying genomic entities that specifically affect this complex process.
QTL mapping strategies have revealed many details of the genetic control of variation in adult long-bone lengths using large, phenotypically normal populations of mice (Christians and Senger 2007; Corva et al. 2001; Drake et al. 2001; Kenney-Hunt et al. 2006; Lang et al. 2005; Masinde et al. 2003; Norgard et al. 2008; Shultz et al. 2003; Yu et al. 2009 ). Combining the numerous targeted genetic studies of genes of large effect with QTL mapping strategies that identify allele combinations associated with subtler variation allows the assembly of a network of genes or other genomic elements that underlie variation in long-bone length. The greater resolution achieved by this combination of analyses is crucial for gaining a full understanding of how dynamic systems of transcription factors, morphogens, growth factors, body size regulators, hormones, and other genomic elements affecting bone growth contribute to produce phenotypes in adult animals.
Most murine long-bone-length QTL have been mapped in second-generation intercross populations (Drake et al. 2001; Kenney-Hunt et al. 2006; Lang et al. 2005; Masinde et al. 2003; Norgard et al. 2008; Shultz et al. 2003) , and several have been fine-mapped using congenic lines (Christians and Senger 2007; Christians et al. 2003; Corva et al. 2001; Shultz et al. 2003; Yu et al. 2009 ). Congenic strains, where a QTL from one donor genetic background is transferred to a second recipient genetic background using standard breeding procedures (Flaherty 1981) , can be used to identify interactions between the known QTL and the recipient background. Second-generation intercross populations, in which the genome of each individual is a unique permutation of the initial contributing strains, can be used to detect QTL and their interactions with both other regions of the genome and various environmental factors. Both techniques are useful in different contexts but tend to be imprecise because they identify relatively large regions of sequence.
Alternatively, QTL mapping in the later generations of an intercross (Darvasi 1998; Darvasi and Soller 1995) can be used to build on information gained from congenic or second-generation intercross populations by increasing the resolution of previously identified QTL and detecting new QTL or novel genetic interactions. These later generations, or advanced intercross (AI) lines, are generated by outbreeding the F 2 and all subsequent generations. This results in the accumulation of additional genetic recombination leading to a reduction in the average size of segregating linkage blocks (Bartlett and Haldane 1935; Darvasi and Soller 1995; Haldane and Waddington 1931; Hanson 1959a, b, c, d; Rockman and Kruglyak 2006) . Thus, confidence intervals identified in later generations of AI lines are expected to be much reduced from those in F 2 studies.
We previously identified 70 QTL for long-bone length in the F 2 -F 3 generations of the LG,SM intercross (KenneyHunt et al. 2006; Norgard et al. 2008) . In this study, the use of the combined F 9 -F 10 populations results in a fivefold expansion of the F 2 -F 3 map, increasing QTL resolution and providing greater insight into the genetic architecture influencing murine long-bone length.
Materials and methods

Mouse population and genotyping
The mice used in this study were the F 9 (n = 150) and F 10 (n = 1305) generations of a previously initiated LG,SM advanced intercross (Cheverud et al. , 2001 KenneyHunt et al. 2006; Kramer et al. 1998; Norgard et al. 2008; Vaughn et al. 1999) . All animals were between 12 and 40 weeks of age at death (correction for age is described below). Animal husbandry and tissue-processing details can be found in Norgard et al. (2008) . Each individual in the population (n = 1455) was genotyped with a panel of 1470 polymorphic SNPs using the Illumina GoldenGate platform. Therefore, there is one marker for every 1.66 Mb of sequence in the F 9 -F 10 .
Long-bone lengths
The F 9 long bones (right-side humerus, ulna, femur, and tibia) were measured to the nearest 0.01 mm using digital calipers, and the F 10 long bones were photographed and measured to the nearest 0.01 mm in ImageJ (NIH). Broken or missing bones were either substituted with left-side bones or not included in the analysis. All individual bone lengths were density-plotted and determined to fall in a normal distribution. Femur lengths were plotted against adult body weight to identify outliers, which were removed from analysis. Similarly, the humerus, ulna, and tibia lengths were plotted against the femur lengths to identify and remove outliers. This resulted in n [ 1300 for all analyses. Long-bone-length measurement repeatabilities range from 96 to 99%.
Data correction, heritability, and imputation Long-bone lengths were corrected for sex, generation, age at necropsy, litter size at birth, and litter size at weaning; residual values from a linear regression including these factors as independent variables were used in all subsequent analyses. Heritabilities and genetic correlations were calculated from the F 10 population using the full sibship method (Falconer and Mackay 1996) . Imputation and logarithmic transformation of probabilities to LOD-equivalent LPR scores [LPR = -log 10 (prob.)] proceeded as described in Norgard et al. (2008) . The X chromosome was not analyzed.
QTL fine-mapping
All statistical models were run in SYSTAT 12.0 (http://www.systat.com) or R (http://www.r-project.org). The genetic map was calculated using R/QTL treating the F 9 -F 10 population as an F 2 because these later generations are an intercross population with accumulated recombination. Corrections for family structure were imposed on genome scan results by adjusting the significance thresholds. This map is related to the F 2 map by an order of 59 over short distances (see Appendix 1). QTL were finemapped using composite interval mapping (Jiang and Zeng 1995) with the equation:
where y is the vector of trait values for all individuals, l is the constant, X ai and X dj are vectors of additive and dominance genotypic scores for all individuals, a and d are the associated regression coefficients representing additive and dominance genotypic values, and e is the residual error. The Haley and Knott method was used to calculate genotype scores (Haley and Knott 1992) . This assumes no interference but does allow for double recombinations in the intermarker interval. The vertical bar indicates that the regression is performed while holding constant the effects of the additive and dominance genotypic scores to its right. The genotypic scores held constant were chosen to separate apparent QTL peaks in order to eliminate the potential effects of other QTL proximal (locus l) and distal (locus m) to the region of interest. Three previously identified peaks were resolved into multiple QTL on the basis of these composite interval maps, with additional evidence provided by differences in effect size and direction as well as nonoverlapping confidence intervals. QTL positions are reported here on the F 10 mapping scale; over short distances, 1 F 10 cM is equivalent to a 0.2 F 2 cM distance. Thus, the F 10 generation has an average of 80% fewer nucleotides per cM than the F 2 generation.
Established QTL peaks were tested for sex specificity using the model (Kenney-Hunt et al. 2008) :
where y is the vector of trait values for all individuals, l is the constant, sex i is the vector of sexes with a value of ''1'' if an individual is male and ''0'' if female, X aj and X dk are vectors of additive and dominance genotypic scores for all individuals, and a X and d X are the associated regression coefficients for sex interaction. The vertical bar indicates that the regression is performed while holding constant the effects of sex and the additive and dominance genotypic scores at the locus of interest. If a significant sex interaction was noted in this analysis (p\0.05), the 1-QTL model was applied to each sex separately. Visual inspection was then used to determine whether established QTL peaks were sexually dimorphic (whether a QTL peak was higher in one sex than the other or present in one sex but not the other). Pleiotropy and genome-wide pairwise epistasis were tested as described in Knott and Haley (2000) and Norgard et al. (2008) .
Significance thresholds and confidence intervals
To determine significance thresholds, an algorithm based on the experimental protocol of the AI design was used to simulate 1000 replicate populations. Each replicate population had individuals that corresponded to those in the phenotypic data set. A large number (*1000) of independent markers were simulated for each individual. Since there is no causal connection between the genotypes and the phenotypes in the simulation, the associations between the markers and the phenotypes in the simulation approximate the distribution of results expected by chance. Using properties of this distribution, the following formulae were developed:
where the pointwise threshold is calculated using the heritability h 2 which accounts for family structure and is based on the simulations described above (first formula) and where N(eff) is the effective number of markers on each chromosome (second formula). The N(eff) was calculated
using the Li and Ji method on a chromosome-by-chromosome basis, and the genome-wide N(eff) was equal to the sum of the N(eff) for each chromosome (Li and Ji 2005) . The pointwise LPR significance thresholds for humerus, ulna, femur, and tibia were 3. 34, 3.79, 3.16, and 3.78, respectively . Inflation of these pointwise thresholds relative to the canonical 1.30 (probability = 0.05) threshold is due to familial autocorrelation for the traits analyzed. An alternative method for significance testing AI lines is presented in Peirce et al. (2008) . Confidence intervals (CIs) for the map location of QTL are also subject to distortion by the effects of family structure. We used computer simulation to estimate CIs using the simulated genotypes generated for threshold estimation, simulated trait heritability levels, and simulated QTL effect strengths. For each iteration of the simulation, a QTL of a given effect size was placed on a chromosome for several characteristics with differing heritability. The location of the maximum LPR score was recorded in cases where it fell within 20 cM of the true location on the F 10 scale. This guards against false positives artificially inflating the variance in the location, which can occur frequently in the case of loci with small effects where there is low power to detect a QTL in its true location. The results of 1000 iterations were then summarized and used to estimate a numerical approximation of a confidence interval. These CIs are essentially 1-LPR drops that have been corrected for the inflated LPR scores due to familial autocorrelation. Confidence intervals (CIs) were defined using the equation:
where CI is the 95% confidence interval encompassing the peak, R 2 is the multiple squared r calculated for a singletrait QTL fit at the locus, and h 2 is the single-trait narrowsense heritability estimated using the sibship method (Table 1 ). The ratio R 2 /h 2 represents the proportion of the additive genetic variation accounted for by the QTL in question.
Results
Long-bone lengths are controlled by numerous genetic factors
Long-bone-length heritabilities in the F 10 population were lower than in previous populations , ranging from 0.37 to 0.61 (Table 1) , while genetic correlations remained high, ranging from 0.79 to 0.94. We detected the presence of 81 single-trait QTL, listed in Table 2 , spread over all 19 autosomes except chromosomes 5, 14, and 15. These QTL collectively accounted for 23% of the phenotypic variation in the humerus, 34% of the variation in ulna, 27% of the variation in femur, and 32% of the variation in tibia. Additional traits were significant at 13 F 2 -F 3 QTL and 13 entirely new pleiotropic loci were observed, including three F 2 -F 3 QTL, Lbn1.1, Lbn3.2, and Lbn6.1, that were resolved into multiple linked loci in this analysis: Lbn1.1a affecting ulna and tibia and Lbn1.1b, Lbn3.2a, Lbn3.2b, Lbn6.1a, and Lbn6.1b affecting all traits. Interestingly, while most F 2 -F 3 pleiotropic QTL were at least partly replicated (at least one trait significant in the F 2 -F 3 was also significant in the F 9 -F 10 ) in this study, 27 single-trait QTL comprising parts of previously identified pleiotropic loci were not replicated, and loci Lbn1.3, Lbn3.3, Lbn4.2, Lbn5.1 M , Lbn9.1, Lbn9.2, Lbn11.1, Lbn14.1, Lbn15.1 F , and Lbn15.2 M were not replicated at all. This was most likely caused by a combination of our application of strict Bonferroni-corrected thresholds in the present study to loci with decreased individual significance and the Beavis effect (Beavis 1994) , altering the identified subset of QTL with lower LPR scores (see Discussion).
Sex interaction analysis revealed the presence of 15 sexually dimorphic single-trait QTL, including pleiotropic loci Lbn3.2a (all trait effects stronger in females than males), Lbn3.2b (humerus and femur effects female-specific and ulna and tibia effects greater in females than males), Lbn4.1 (humerus effects greater in females than males), Lbn7.1 (femur effects greater in males than females), Lbn8.1 (tibia effects greater in males than females), Lbn11.2 (tibia effects greater in males than females), Lbn16.2 (humerus effects male-specific and ulna effects greater in males than females), and Lbn17.1 (tibia effects greater in females than males).
Almost all the QTL (79 of 81) showed significant additive genotypic effects (a/SD in Table 2 ), with absolute values of standardized additive effects ranging from 0.084 to 0.436 SD units. These additive effects were distributed such that most were small in effect size (0.1-0.2 SD units), Values are mean ± SD and listed in millimeters for each long-bone trait H = humerus; U = ulna; F = femur; T = tibia Heritabilities (diagonal) and genetic correlations (off-diagonal) were calculated from the F 10 population using the full sibship method (Falconer and Mackay 1996) . The R 2 values for a model of the main effects of all individual-trait QTL R No single locus contributed more than 10% to the overall phenotypic variance. Generally, the LG/J allele led to longer bone length. However, ten single-trait QTL comprising Lbn3.3, Lbn6.1a, Lbn7.2, Lbn9.3, and Lbn16.2 had negative additive genotypic effects, indicating that the presence of the SM/J allele at those loci leads to longer bone lengths. Interestingly, Lbn16.2 had opposite effects in males (negative effect) than in females (positive effect). The average a/SD for significant QTL was 0.198, but when the sign of the effects was taken into account, this normalized average decreased to 0.145, indicating an overall positive influence of the LG/J allele at QTL with significant additive effects. Almost half of the loci showed significant dominance effects, including 7 cases of underdominance (d/a\-1.5), 4 cases of SM/J dominance (-1.5\d/a \-0.5), 15 cases of LG/J dominance (0.5 \ d/a \ 1.5), and 11 cases of overdominance (1.5 \ d/a). The 44 remaining QTL were considered codominant (-0.5 \ d/a \ 0.5). The average normalized dominance effect size (d/SD) was 0.203, but with directionality factored in, this dropped to 0.072, suggesting that overall, dominance effects average to zero, with neither LG/J nor SM/J alleles most commonly dominant.
Body size, skeletal growth, and long-bone-growth modules can be detected pleiotropically Pleiotropy analysis suggested that the 81 single-trait QTL could be categorized into 26 pleiotropic and 5 single-trait loci, as summarized in Table 2 . Of the pleiotropic loci, 9 affected all four long bones, 5 affected three of the four long bones, and 12 affected only two of the four long bones. Interestingly, 10 of these last 12 pleiotropic loci affect serially homologous limb elements, either humerus and femur length (Lbn3.3 and Lbn10.1) or ulna and tibia length (Lbn1.1a, Lbn2.3, Lbn8.1, Lbn8.2, Lbn9.2, Lbn10.2, Lbn11.2, and Lbn12.1). In addition, Lbn11.4 and Lbn16.2 affected only forelimb components (humerus and ulna), with no QTL affecting hindlimb only (femur and tibia).
Some difficulty in discriminating multiple linked loci was encountered during pleiotropy analysis, which is performed assuming a single peak. Although some linked loci can be distinguished in the F 9 -F 10 generations, this was not always the case. Lbn6.1, identified in the F 2 -F 3 analysis, was observed in the F 9 -F 10 to be composed of two linked loci with additive effects in opposite directions (Lbn6.1a and Lbn6.1b, Table 2 ). However, for Lbn1.1, Lbn1.2, Lbn2.1, Lbn3.2, Lbn10.1, and Lbn17.1, QTL peaks were broad, with all affected traits showing the same peak shape but with the highest point of the peak varying in position by trait. When combined with narrow CIs, which in some cases did not overlap for peaks reported as pleiotropic, this led to cases where the multivariate peak did not adequately explain the results and hindered efforts to identify specific candidates for pleiotropic loci. These regions may still carry multiple genes affecting the traits.
Epistatic interactions play a large role in long-bonelength variation Each pair of epistatic loci can participate in one or all of the four canonical forms of epistatic [additive-by-additive (aa), additive-by-dominance (ad), dominance-by-additive (da), and dominance-by-dominance (dd)] interactions. Thus, while we detected 72 epistatic relationships (Supplementary Table 1 ) in this analysis, we identified a total of 155 individual interactions. This is approximately three times the number of interactions identified in the F 2 -F 3 analysis . Most interactions involved associations among regions not previously known to contain QTL. All four long bones were subject to epistatic interactions among loci, with humerus having 16 significant interactions, ulna 11, femur 19, and tibia 26. Epistasis accounted for a much larger proportion of the phenotypic variance in this population than in the F 2 -F 3 (in which epistasis contributed *3% to trait variance) ), contributing 13.5% of the phenotypic variation in the humerus, 7.7% in ulna, 13.8% in femur, and 13.2% in tibia.
Of the 155 significant interactions, 39% exhibited significant aa interactions, with normalized interaction values ranging from 0.108 to 0.455 SD units. The average aa effect size was 0.300 SD units, but when the sign of the epistatic effects was taken into account, this decreased to -0.059 SD units, indicating a balance of positive and negative epistatic effects. In addition, 46% were significant for ad or da interactions, with normalized interaction term values ranging from 0.073 to 0.605 SD units. The average normalized ad or da effect size was 0.278 SD units, but with signs, this dropped to 0.077 SD units. Finally, 15% of the epistatic interactions had significant dd interaction, with normalized interaction values ranging from 0.219 to 0.564 SD units. The average normalized dd effect size was 0.347 SD units, but with sign taken into account, this value again dropped to 0.012 SD units. These interaction values are similar in magnitude to the single-trait a/SD and d/SD values (Table 2 ), but are much higher than the epistatic interaction values observed in the F 2 -F 3 population .
Discussion
The analysis of our F 9 -F 10 population has given us the opportunity to replicate previously detected QTL, and provided new, more resolved insight into both the genetic architecture of long-bone length and the genomic regions partially responsible for the observed effects. We found that using a very dense SNP marker map to analyze advanced intercross generations led to an increase in our ability to detect and resolve QTL. The large number of QTL suggests that many genomic elements contribute to long-bone length in ways not yet understood. We replicated 36 of the original 70 F 2 -F 3 single-trait QTL (*50%) and identified 13 new single-trait QTL at F 2 -F 3 positions that did not produce significant results in the F 2 -F 3 analysis, in addition to resolving 3 F 2 -F 3 QTL into multiple linked loci. The probability of QTL replication varied with the LPR scores in the F 2 -F 3 analysis. If the LPR score in the F 2 -F 3 was low (LPR \ 7.0; scores are inflated by familial autocorrelation) in the original analysis, only 16% (2 of 12) of the QTL replicated while approximately 70% (41 of 58) of QTL with higher LPR scores (LPR [ 7.0) were replicated.
There are several reasons for QTL to fail to replicate: (1) we expect that some small portion of the F 2 -F 3 QTL are false positives; (2) the Beavis effect (Beavis 1994) , operating randomly in the F 2 -F 3 and F 9 -F 10 , may result in different subsets of true loci exceeding the significance threshold in different replicate populations-QTL with small effects near the detection threshold will randomly exceed or fail to reach the significance threshold in different replicates by chance, leading to an apparent lack of replication in addition to an upward bias in effect sizes; (3) we used very stringent significance thresholds in the F 9 -F 10 requiring relatively high LPRs to be included in the mapped set; and (4) QTL detected in the F 2 -F 3 may actually be due to two or more linked QTL that map separately and hence display smaller effects in the F 9 -F 10 and therefore fail to replicate. Despite these caveats, future studies on the genetic architecture of long-bone length should focus on the replicated QTL for higher success rates.
Mean trait size and genetic correlations (Table 1) were similar in the early and later AI populations, but heritabilities were depressed. One reason for this was a strong, significant increase (*3.39) in environmental variance that was observed between the F 2 -F 3 and F 9 -F 10 populations. The F 2 -F 3 population was born and raised within a short time interval, while because of practical issues of breeding and husbandry, the F 9 -F 10 population was born and raised over a longer period of time. The additive genetic variance of the F 9 -F 10 population was also smaller than in the F 2 -F 3 (*0.59), but this reduction was much smaller than the observed increase in environmental variance, leading to lower heritabilities. This highlights the importance of the contribution of environment to phenotypic variation, as seemingly small changes in animal facility conditions in which both the F 2 -F 3 and the F 9 -F 10 generations were raised would not necessarily be expected to have such a large effect on heritability.
As expected, average confidence interval sizes, which were 12.8 cM for single-trait QTL in the F 2 -F 3 population, were narrowed to 8.26 F 10 cM in the F 9 -F 10 generation (*1.7 F 2 cM). On average, this encompasses about 35 genes in a confidence interval compared with 275 per confidence interval in the F 2 -F 3 . With a large number of QTL, as in the LG/J 9 SM/J cross, the confidence regions of many QTL can be narrowed simultaneously in a single experiment much more efficiently than the production of congenic and microcongenic lines that treat a single QTL at a time. Additive gene effects for the F 9 -F 10 were higher in magnitude than in the F 2 -F 3 , while the d/a pattern was similar but with more loci involved in dominance in the F 9 -F 10 than the F 2 -F 3 . These results may be caused by the improved resolution of linked loci, allowing more accurate detection and estimation of gene effect sizes. Further evidence of our increased power was the relative lack of sex-specific QTL-of the 15 sexually dimorphic QTL identified here, all but three were significant in both sexes, but with larger effect sizes in one sex relative to the other. In addition, the previously identified sex-specific locus Lbn19.1 F , affecting the tibia in females, affects all four long bones in both sexes in the F 9 -F 10 population.
The percentage of genetic variance jointly accounted for by the single-locus QTL was 62% for the humerus, 56% for the ulna, 59% for the femur, and 53% for the tibia (from Table 1 ; R 2 Main values divided by heritabilities). These percentages are perhaps biased upward because the heritability based on full-sib analysis contains only 50% of the total dominance variance, while it is all included in the QTL-based estimate. Such a finding is not unusual in experimental QTL studies and suggests that there are many more small-effect QTL segregating in the cross than identified here.
We found 72 loci involved in 155 significant epistatic interactions. Epistatic interactions were counted as significant only if they surpassed the significance thresholds calculated for single-trait QTL. This significance testing involved pooling the sums of squares and degrees of freedom for all four interaction terms (aa, ad, da, and dd). Most locus pairs were significant for only one or two of these terms, leading to an underestimate of epistasis. Despite this, an approximately threefold increase in the number of epistatic locus pairs was detected in the F 9 -F 10 . As in the F 2 -F 3 , most interactions were aa, followed by ad or da, with the fewest interactions being dd. These epistatic interactions, especially the large proportion of aa interactions, have a tendency to mask single-locus QTL effects in a population with generally intermediate allele frequencies , as in the AI line analyzed here.
Epistatic interactions are responsible for approximately 10-15% of the genetic variation in bone length observed in the F 9 -F 10 population, as shown by the increase in the R 2 values of models for main and epistatic QTL effects combined compared with models of only main QTL effects (Table 1) . The standardized interaction values were much higher than in the F 2 -F 3 but averaged to zero when the sign of the effect was taken into account. This suggests that the epistatic interactions affecting these traits are not directional. However, standardized absolute values of more than double those of the additive genetic effects, which include epistatic components, underscore the importance of epistasis in modulating long-bone length.
Eight F 9 -F 10 QTL mapped near F 2 -F 3 loci previously associated with body size . Of these, half affected three or four long bones, three affected a single trait, and only one affected a serially homologous pair of long bones (ulna and tibia, Lbn8.1). These eight QTL are associated with both skeletal growth and adiposity, indicating that the genomic elements underlying these traits contribute to total body size or that the genomic region contains multiple loci influencing skeletal growth and adiposity. Also, the presence of sexually dimorphic QTL indicates interaction of QTL with sex hormones and sex-specific genomic elements known to influence total body size. The presence of QTL with overlapping effects on skeletal growth and adiposity is expected of complex, integrated phenotypes such as body size (i.e., large body size requires both large skeletal structures and more soft tissue mass than small body size).
Nine F 9 -F 10 QTL mapped near F 2 loci associated with general skeletal growth, including growth of the skull, mandible, forelimb, hindlimb, vertebrae, and sacrum (Kenney-Hunt et al. 2008) . Of these nine, three influence three or more long bones, while the remaining six QTL affect serially homologous long bones (5 loci affecting ulna and tibia; 1 locus affecting humerus and femur) or limbspecific pairs of long bones (1 locus affecting humerus and ulna). The genomic elements underlying these QTL are expected to affect the processes of endochondral and intramembranous ossification, as both of these mechanisms contribute to general skeletal growth. The remaining nine F 9 -F 10 QTL, which do not overlap with body size or general skeletal growth QTL, are expected to be composed of genomic elements specific for long-bone growth. Overall, this analysis indicates that multiple levels of regulation (total body size vs. general skeletal growth vs. long-bonespecific growth) interact to modulate long-bone length.
One-third of the pleiotropic F 9 -F 10 QTL mapped here affect serially homologous traits, the stylopod (humerus and femur) or zeugopod (ulna and tibia). This would be expected if genomic elements specific to proximal and distal limb segments were being detected. Such elements may be regulated by responses of mesenchyme to signals from the apical ectodermal ridge (AER), acting downstream of signals of proximal and distal identity in the limbs. Removal of the AER during later stages of development leads to truncation of the distal limbs (reviewed in Mariani and Martin 2003) . Indeed, a HoxD gene cluster is proximal to Lbn2.1; the differential roles of the HoxA and HoxD gene clusters in the development of the stylopodia versus the zeugopodia have been well-established and are reviewed in Zakany and Duboule (2007) . Many other genes affecting proximal-distal patterning have also been identified (reviewed in Mariani and Martin 2003; Robert and Lallemand 2006; Tickle 2003) . The common finding of effects on serially homologous limb segments in our population suggests that some of these QTL may interact with known proximal-distal patterning genes. In addition, different growth plates have been observed to display different rates of growth (Wilsman et al. 1996 (Wilsman et al. , 2008 , either different local paracrine effects or differential response of specific growth plate chondrocytes to wholebody growth signals. The presence of skeletal modules could provide insight into the mechanism underlying this phenomenon. The two forelimb-specific QTL could harbor genomic elements expressed early during development, as the forelimbs bud before the hindlimbs (Mariani and Martin 2003) and/or are responsive to genes specifying forelimb identity.
Overall, the results of this and previous mapping studies of skeletal traits in this intercross (Kenney-Hunt et al. 2006 Norgard et al. 2008) suggest that the discrimination of multiple linked QTL for long-bone lengths and other skeletal traits will lead to pleiotropic patterns of potential physiologic relevance. In the case of long-bone lengths, it appears that many QTL affect serially homologous structures, as discussed above. This information, combined with detailed analysis of other aspects of the genetic architecture, may provide clues as to how variation in bone length arises and will guide future work to identify the biological mechanisms responsible for these QTL.
